Abstract-This study presents the utilization of shape memory alloys in steel structures for retrofitting purposes in order to bring them to the state of the current specifications. Shape memory alloys with the super-elastic behavior can be exploited in order to operate as a suitable passive seismic control device in structural systems. This article presents the results of a numerical study in which the seismic behavior of a damaged steel moment resisting frame is improved using shape memory alloy braces. Super-elastic model of shape memory alloy and plasticity model of steel are incorporated into the nonlinear finite element program particularly developed for this research. Also, to compare the behavior of the proposed energy dissipative system, the behavior of the steel frame with shape memory alloy braces is compared with the behavior of the buckling restrained bracing system which is to date considered to possess the best performance among the existing concentrically braced frames. Results proved that using shape memory alloy braces for the retrofitting purposes is preferred to buckling restrained braces; particularly in high levels of seismic damage.
I. INTRODUCTION The extensive damage to steel moment resisting frame structures during the 1994 Northridge and 1995 Kobe earthquakes has led to significant research efforts to try to develop more effective structures. A joint venture of the Structural Engineers Association of California, the Applied Technology Council, and the California Universities for Research in Earthquake Engineering, was formed to study the steel moment resisting frame problems and has published several reports and interim repair and retrofit guidelines [1] . As a consequence, today the current design philosophy accepts some level of damage under strong earthquakes, provided that the structure is ductile enough to experience significant plastic deformations without collapsing. Alternative design strategies commonly referred to as passive control techniques have been recently envisioned. They are aimed at reducing and possibly eliminating plastic and residual deformations of structures under strong earthquakes by exploiting a predetermined favourable behavior of special devices inserted in the structural system. One effective method for limiting the damage to structures is through the use of passive energy dissipation. Energy dissipation techniques rely upon the absorption and dissipation of sufficient amounts of energy by devices connecting different parts of a structure. Implementing such tools can result in reducing the relative displacements and stresses in structural elements significantly.
To date, many innovative systems and devices such as Buckling Restrained Braces (BRB) have been introduced as a means of dissipating high amounts of energy [2] . Considerable energy is absorbed through the stable hysteretic behavior of BRBs unlike conventional braces (Fig 1) . However, like most of other energy dissipation devices, they are unable to recover their original shape after unloading, which results in permanent residual deformations in the material and consequently in the structure. Therefore, an ideal energy dissipative material to be used in the passive control would be potentially the one with having high energy dissipation capacity along with having the ability to return to its original shape after unloading. Due to possessing the self centering as well as the energy dissipating features, Shape Memory Alloys (SMA) have widely attracted attentions in passive control of systems in recent years [3] [4] [5] [6] [7] [8] [9] [10] . Their high energy dissipation capacity enables the structure to undergo large deformations without disturbing the stability of the structure. Moreover, by incorporating SMAs in the structure, large residual deformations observed in conventional structures are eliminated to a great extent.
SMAs have been also utilized in other engineering applications such as non-medical applications, control devices, upgrading historical monuments and bolted connections [11] [12] [13] [14] . The first investigation into the behavior and applications of SMAs in civil and structural engineering was carried out by Graesser and Cozzarelli [15] . They evaluated the use of Nitinol SMAs as seismic dampers and studied the effect of loading frequency and history on the energy dissipation characteristics of Nitinol wires. Since then, more thorough studies have been conducted on the behavior of SMAs in civil engineering applications across the world [16] [17] [18] [19] [20] [21] .
SMAs are able to undergo large strains (8-10%) without noticeable permanent deformations after unloading. They can recover their initial shape at the end of the loading process instinctively (called superelasticity) or by heating (called shape memory effect). The most favourable characteristic of SMAs is superelastic behavior in which the material can recover large deformations of order of 10 percent while producing hysteresis. The second feature of SMAs is the shape memory effect. When the material is in Martnesite form, application of stress leads to twinning of Martensite. By removal of stress the detwinning process commences and at the zero stress, a residual strain will be remained which can be recovered by heating the material above a specific temperature. Other desirable characteristics of SMAs are stability of hysteresis loop or high fatigue resistance, considerable increase of stiffness at large deformations and at last the capability of designing the material properties due to the required demand. All the above characteristics added to the relatively high stiffness and strength makes SMA a promising material for passive control of structures for seismic applications especially for severe earthquakes. Although several alloys have the shape memory feature, the most applicable SMA in civil engineering applications is Nitinol, which is a combination of Nickel and Titanium. However, since Nitinol is a relatively expensive material compared to steel, it may not be economical to use it unless high energy dissipation as well as recentering is on demand.
In the event of an earthquake, structures such as steel frames may experience heavy damage and need to be repaired afterwards. This damage occurs mainly in beam to column connections where load distribution among adjacent beams and columns connected to a joint takes place. In this study, the level of improvement gained by utilizing SMA braces and BRBs is investigated. For this reason, a damaged steel moment resisting structure considered as case study is retrofitted, modelled and analyzed using finite element method. The two models, one retrofitted with BRBs and the other one retrofitted with SMA braces, are subjected to seismic excitations and their behavior are evaluated and compared. Since maximum and residual interstory drifts are usually considered as a means for estimating the damage level, these parameters are obtained in order to evaluate the level of damage on the two models.
II. BUILDING MODEL
The 3-story frame presented by Sabelli [22] was selected as a benchmark structure in order to compare the behavior of the retrofitted structure using superelastic Nitinol SMA braces with the buckling restrained bracing systems. The structural system is illustrated in Fig. 2 , where section sizes for columns and beams are all displayed. Section sizes for BRBs determined for the model are listed in Table I . The material and geometric properties of BRBs were selected such that the structure was not over-designed. The SMA braces in each story were selected such that they exhibit the same tensile strength and axial stiffness of BRBs. The material properties of SMA braces were chosen according to the experimental results on SMA wire strands presented by DesRoches et al. [23] as given in Table II . Fig. 3 illustrates the cyclic behavior of SMA braces for numerical simulation in AIMS. All structural joints in the model were considered as semi-rigid. Assuming that the moment resisting joints have lost 40% and 80% of their moment capacity due to the damage caused by the earthquake, the beam to column connection flexibility of 0.4 and 0.8 were considered in the analyses, respectively. Hereby, a new structural term called "Joint Flexibility Ratio" (JFR) was defined as the percentage of the loss of moment capacity in the joints due to the previous seismic loadings.
The ground motions used in this study represent a suite of records for a hypothetical site with a probability of exceeding 10% in 50 years [24] . Most of the records in this suite are near-fault records and were chosen for this study because they tend to produce large residual deformations. Fig. 4 illustrates the records used in this study. Nonlinear time history analyses were carried out using AIMS nonlinear finite element computer program [25] ; developed specifically for the two dimensional analyses of bracing systems with different materials. Masses for each story were calculated and applied to each corner joints of the floor. Floors were modelled as rigid. Beams and columns were modelled in the program using frame elements, allowing for axial and bending moment interaction. The braces were modelled using truss element; which allows for axial forces and deformations only. All beam to column connections were modelled as semi-rigid using link elements.
III. RESULTS
Nonlinear time-history analyses were performed in order to obtain the maximum and residual inter-story drifts of the models. Time histories of the roof and schematic force-displacements of the braces for different levels of damage (i.e., joints flexibility ratio) for the LA01 record are shown in Figs. 5-7. Figs. 5 and 6 show a response comparison between the performances of the two systems for different damage levels. As indicated in these figures, the BRB system tends to experience slightly lower maximum displacement excitations in comparison with the SMA bracing system. However, when it comes to the deformations, results show that the SMA bracing system tends to have lower permanent deformation at the end of the excitation compared to the BRB system. Figs. 8 and 9 summarize the maximum and residual drift ratios for each of the different four ground motions. For comparison reasons, profiles of both maximum and residual inter-story drifts along the height of the building for LA01 record are shown in Figs. 10 and 11 . As shown in Figs. 8 and 9 , in the cases of low damage or small flexibility ratio of joints (JFR = 0.4), since the plastic behavior of BRB and superelastic behavior of SMA are not mobilized to the required level (Fig. 7 a) and also, having the same axial stiffness and capacity, both SMA and BRB systems experience roughly the same maximum and residual inter-story drifts along the height of the building and consequently the two systems behave almost similarly.
As the damage increases (JFR = 0.8), since lower moment resisting capacity exists inside the structure, their plastic and superelastic behavior (corresponding to the BRB and SMA braces respectively) are mobilized (Fig. 7 b) and the SMA bracing system experiences higher maximum inter-story drifts. But due to its superelastic behavior, very little residual inter-story drifts take place compared to those of the BRB system.
As it is evident from the drift profiles in Figs. 10 and 11 , in the case of low damage, the maximum and residual inter-story drifts (except for the residual drifts in the SMA bracing system) occur in the roof; whereas it shifts to the second story for the case of severe damage. Another point inferred from Figs. 10 and 11 is that the SMA bracing system has relatively uniform drifts distribution over the height of the structure for both low and high levels of damage which is quite desirable as uniform inter-story drifts indicate uniform damage distribution. Moreover, uniform drifts distribution enables the designer to more readily predict the post-earthquake damage in each story with respect to the adjacent stories, whereas the drift distribution in the BRB system is totally scattered and unpredictable.
IV. CONCLUSIONS
In this study, seismic behavior of a damaged steel moment resisting frame retrofitted by BRB, representing a class of steel braces, and SMA braces was investigated by a nonlinear finite element program especially developed for this purpose. Results revealed that repairing low damaged steel structures with both BRB and SMA braces with the same axial stiffness and strength capacity, leads to almost the same response. In the case of low damage, although using BRBs seems to be economically more acceptable, but their irregular inter-story drifts distribution resulting in unpredictable post-earthquake damages highlights the benefits obtained through the use of SMAs.
On the other hand, in the case of severe damage, since the structure has lost most of its flexural capacity in the joints, using SMA braces is highly preferred as it drastically decreases residual deformations, compared to BRB. Moreover, the higher maximum inter-story drifts in the SMA bracing system does not have any dire effect on the behavior of the structure as long as they have not exceeded the maximum allowable drifts. Furthermore, the uniform and predictable drifts distribution in SMA bracing systems gives the designer a clear understanding of the behavior of the structure. These findings suggest that advantages gained through the use of SMA braces prevail over their drawbacks and therefore they are highly preferred to BRBs.
